Signaling from the transmembrane receptor Toll to Rel-related transcription factors regulates dorsoventral patterning of the Drosophila embryo, as well as larval and adult immunity. To identify additional pathway components, we have used double-stranded RNA interference to investigate Drosophila counterparts of genes that regulate the mammalian Rel family member NF-B. Experiments in cultured cells reveal that the fly orthologue of the adaptor protein MyD88 is essential for signal transduction from Toll to a second adaptor protein, Tube. By using coimmunoprecipitation studies, we find a heterotrimeric association of the death domains of MyD88, Tube, and the protein kinase Pelle. Site-directed mutational analyses of interaction sites defined by crystallographic studies demonstrate that Tube recruits MyD88 and Pelle into the heterotrimer by two distinct binding surfaces on the Tube death domain. Furthermore, functional assays confirm that the formation of this heterotrimer is critical for signal transduction by the Toll pathway.
Signaling from the transmembrane receptor Toll to Rel-related transcription factors regulates dorsoventral patterning of the Drosophila embryo, as well as larval and adult immunity. To identify additional pathway components, we have used double-stranded RNA interference to investigate Drosophila counterparts of genes that regulate the mammalian Rel family member NF-B. Experiments in cultured cells reveal that the fly orthologue of the adaptor protein MyD88 is essential for signal transduction from Toll to a second adaptor protein, Tube. By using coimmunoprecipitation studies, we find a heterotrimeric association of the death domains of MyD88, Tube, and the protein kinase Pelle. Site-directed mutational analyses of interaction sites defined by crystallographic studies demonstrate that Tube recruits MyD88 and Pelle into the heterotrimer by two distinct binding surfaces on the Tube death domain. Furthermore, functional assays confirm that the formation of this heterotrimer is critical for signal transduction by the Toll pathway.
T
he Drosophila Toll pathway regulates the establishment of embryonic dorsoventral polarity, as well as the innate immune response against Gram-positive bacteria and fungi (1-3). Toll acts upstream of Tube and Pelle, which in turn are upstream of Cactus, an IB-like inhibitor. In dorsoventral patterning, this signaling cassette regulates Dorsal, a Rel͞NF-B family member (1) . In adult flies, the same Toll pathway acts on both Dorsal and another Rel͞NF-B protein, Dif, to initiate the innate immune response (4, 5) .
Tube is a scaffolding protein containing an N-terminal interaction motif belonging to the death domain family, as well as C-terminal Tube repeats that mediate binding to Dorsal (6) (7) (8) .
Pelle is a serine͞threonine-specific protein kinase with a death domain N-terminal to its catalytic domain (9, 10) .
Although no Tube homologue has been found in mammals, four Pelle homologues, named IL-1 receptor-associated kinases (IRAKs), have been identified: IRAK1, -2, -M, and -4 (11) (12) (13) (14) (15) . IRAKs function in signaling by a family of Toll-like receptors, as well as the IL-1 receptor (IL-1R), each of which contains a TIR domain, a conserved cytoplasmic signaling motif. An adaptor molecule, MyD88, associates with the C-terminal TIR domain of Toll-like receptors and the IL-1 receptor and with the Nterminal death domain (DD) of IRAKs (16) (17) (18) .
During the past few years, genomic sequencing has allowed the identification of Drosophila genes with mammalian homologues functioning in Toll͞IL-1 receptor-signaling pathways. These genes include IKK (a homologue of mammalian IKK␣͞␤), Kenny (a homologue of mammalian IKK␥), IK2 (a homologue of mammalian TBK1͞IKK), MyD88, TAK1, three TRAF loci, and ECSIT (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) . We have set out to study these genes systematically by using RNA interference (RNAi). RNAi provides a ready means to inactivate a given gene or genes and has facilitated the dissection of Drosophila signaling pathways in cultured S2 cells (29) . To search for essential components of the Toll pathway, we conducted an RNAi-based screen among these potential Drosophila NF-B regulators. This approach, coupled with genetic and biochemical analyses, has allowed us to dissect the molecular interactions among death domain-containing proteins in the Drosophila Toll pathway.
Materials and Methods
Plasmids. All S2 cell expression plasmids are based on the pMT vector (Drosophila Expression System, Invitrogen). For bacterial expression, the pGEX-4T vector (Pharmacia) was used. The Toll, Tube, Pelle, and MyD88 constructs in this study were generated from cDNAs by PCR-based subcloning and mutagenesis. Toll⌬LRR deletes residues 152-800 of Toll; PelleDD encodes residues 1-206; TubeDD encodes residues 1-226; TubeDD* encodes residues 1-253. TubeDD* showed greater resolution from PelleDD in electrophoresis than did TubeDD. We therefore used TubeDD* in place of TubeDD when both Tube and Pelle death domains were expressed with the same epitope tag (as in Fig. 3 ). The Torso-Tube fusion was subcloned from a construct described (30) . Drosomycin-luciferase (pGL3-Drosomycin) and Attacin-luciferase (pGL3-Attacin) were provided by J.-L. Imler (31) . IKK (LD21354), Kenny (LD18356), IK2 (SD10041), MyD88 (LD20892), TAK1 (LD42274), ECSIT (RE02264), TRAF1 (LD20987), TRAF2 (GH01161, also known as TRAF6), and TRAF3 (LP08566) are all cDNA clones characterized in the Berkeley Drosophila Genome Project (www. fruitfly.org).
S2 Cell Culture and Transfection. S2 cells (American Type Culture Collection) were grown in Schneider's Drosophila Medium (GIBCO) supplemented with 10% FBS (HyClone) and 2 mM L-glutamine (Life Technologies, Grand Island, NY). Cells were maintained and transfected as specified for the Drosophila Expression System (Invitrogen). For pMT-based vectors, expression was induced by 500 M CuSO 4 24 h before the cell lysates were prepared. To harvest cells, the culture medium was removed by aspiration and the cells were washed once with PBS before being resuspended in lysis buffer.
RNAi. RNAi in S2 cells was performed essentially as described by Clemens et al. (29) . Templates (Ϸ700 bp) for double-stranded RNA (dsRNA) synthesis were PCR-amplified from cDNA clones by primers flanked with T7 promoter sequences. dsRNA was then synthesized with the T7 in vitro transcription kit (MegaScript, Ambion, Austin, TX). For reporter assays, S2 cells were transfected with 0.4 g of appropriate reporter plasmid plus 0.4 g of pAc-LacZ (Drosophila Expression System, Invitrogen) in a 10-cm dish 24 h before RNAi. To treat cells with dsRNA, S2 cells were washed once with complete Schneider's medium and then resuspended in serum-free medium to a density of 10 6 cells per milliliter. One milliliter of cell suspension was seeded into each well of a six-well plate and mixed thoroughly with 15 g of dsRNA. After 45 min, 2 ml of complete medium was added. Cells were harvested 48 h after the addition of dsRNA.
Reporter Assay. For the Drosomycin-luciferase reporter assay, cell lysates were prepared with Reporter Lysis Buffer (Promega) 24 h after the CuSO 4 induction of appropriate genes. For the Attacin-luciferase reporter assay, the cells were incubated with 10 g/ml of lipopolysaccharide (LPS) (Sigma, Escherichia coli serotype 026:B6) for 4 h before the cell lysate preparation. Luciferase activity was measured with the Luciferase Assay System kit (Promega) and ␤-gal activity was measured with the Galacto-Light kit (Tropix, Bedford, MA). Luciferase activity was first normalized with ␤-gal activity and then normalized against the CuSO 4 ͞LPS-induced activity in the absence of any RNAi treatment. Each data point shown in Results is the mean Ϯ SD of at least three independent assays.
Anti-MyD88 Antiserum. Full-length Drosophila MyD88 was expressed as a GST-fusion protein in E. coli BL21 and purified by PAGE. The excised gel slice containing GST-MyD88 was lyophilized, pulverized, and mixed with Freund's incomplete adjuvant for immunization into rabbits. Western blotting with this antibody shows that the exogenous MyD88 accounts for greater than 90% of total MyD88 protein in the whole cell lysate of S2 cells stably transfected with a V5 epitope-tagged MyD88.
Immunoprecipitation. For immunoprecipitation, cell lysates were prepared with S2 cell lysis buffer (50 mM Tris, pH 7.5͞150 mM NaCl͞1% Nonidet P-40) supplemented with protease inhibitor mixture (Roche Diagnostics) on ice. Six hundred microliters of cleared lysate was prepared from two 35-mm plates of transfected cells. Cell lysates were first incubated for 1 h at 4°C with 1 g of 9E10 monoclonal antibody (Santa Cruz; for anti-myc immunoprecipitation) or 2 l of anti-MyD88 antiserum (for anti-MyD88 immunoprecipitation) and then with 10 l (bedvolume) of protein A͞G agarose beads (Santa Cruz). After 3 h, the agarose beads were washed with S2 cell lysis buffer and resuspended in 40 l of SDS/PAGE sample buffer.
Results

MyD88 Is Essential for Drosophila Toll Signaling.
To investigate the mechanism of Toll signaling, we used a reporter assay in conjunction with RNAi in cultured Drosophila cells. A constitutively active form of Toll, Toll⌬LRR (32), was stably expressed in S2 cells under the control of a metallothionein promoter, such that the addition of CuSO 4 to the cell culture medium initiates Toll signal transduction. To assay signal transduction downstream of Toll, we transiently transfected these S2 cells with a Drosomycin-luciferase construct (31) . Expression of Toll⌬LRR consistently induced a significant activation (Ϸ100 fold) of the Drosomycin reporter (Fig. 1) .
To confirm the efficacy of RNAi in these cells, we generated dsRNA for several genes known to function in the Drosophila Toll pathway (Fig. 1 A) . RNAi against Pelle, Tube, or Dorsal significantly inhibited the activation of the Drosomycin reporter, with the effect of Dorsal RNAi relatively stronger than that of Pelle or Tube RNAi. In contrast, RNAi against Cactus dramatically enhanced the activation of the Toll pathway. These observations are consistent with the fact that Pelle, Tube, and Dorsal promote Toll signaling, whereas Cactus plays an inhibitory role in the pathway. In this and all subsequent experiments, Easter RNAi served as a negative control for any nonspecific effect of dsRNA, because Easter acts upstream, and not downstream, of Toll.
Next, we performed RNAi-based screening against fly counterparts of mammalian Toll and tumor necrosis factor pathway components, specifically Drosophila IKK, IKK␥ (Kenny), IK2, MyD88, TAK1, ECSIT, TRAF1, TRAF2, and TRAF3 (Fig. 1B) . We eliminated expression of each of these genes individually by RNAi in S2 cells and assayed the effect on Toll signaling (Fig.  1B, filled bars) . We also conducted RNAi against combinations of genes, in particular IKK and Pelle; IKK and IKK␥; IKK and IK2; and TRAF1, 2, and 3. To determine whether requirements were specific to the Toll pathway, we conducted the same panel of RNAi analysis in S2 cells treated with LPS. An Attacinluciferase reporter (31) was used to indicate LPS-mediated activation of the response pathway for Gram-negative bacteria (Fig. 1B, open bars) .
When we compared the effects of RNAi on the Toll and LPS pathways, we found that Drosophila MyD88, like Tube and Pelle, was required for activation of the Drosomycin, but not the Attacin, reporter; Drosophila MyD88 is thus essential for Toll signaling, as reported (19, 20) . In contrast, we found a requirement for TAK1 only in the LPS pathway and found no essential role for f ly IK2, ECSIT, or TRAF 1, 2, and 3 in either Toll or LPS signaling. Inactivating IKK and IKK␥ affected both types of signaling, with the LPS pathway being more severely inhibited than the Toll pathway. These results are consistent with the fact that inactivating IKK in f lies disrupts Toll-dependent axis formation in a small fraction of embryos (20) , although neither IKK nor IKK␥ is strictly required for Toll signal transduction (19, 33) .
MyD88, Tube, and Pelle Form a Linear Signaling Hierarchy. It is known that Tube acts downstream of Toll and upstream of Pelle in signal transduction (30, 34, 35) . To place Drosophila MyD88 in this pathway precisely, we analyzed the epistatic relationship among MyD88, Tube, and Pelle. We first induced expression of wild-type MyD88, which has been shown to activate the Drosomycin reporter (21) . RNAi against Pelle, Tube, or MyD88 blocked this MyD88-induced activation ( Fig. 2A) . These results, as well as similar findings in adult flies (22) , indicate that MyD88 acts either upstream of or in parallel to Tube.
To dissect the signaling hierarchy further, a constitutively active form of Tube (30, 35) was used (Fig. 2B) . This Tubeinitiated activation of the Drosomycin reporter did not require MyD88, but did require Pelle. Furthermore, Pelle-induced activation of the Drosomycin reporter was diminished only by RNAi against Pelle, but not Tube or MyD88 (Fig. 2C) . Thus, epistasis analysis defines a linear order of action, with Tube downstream of MyD88 and upstream of Pelle.
Tube Mediates the Association of MyD88 and Pelle. MyD88, Tube, and Pelle each contain a death domain, a motif known to form homotypic interactions (36) (37) (38) (39) . We have previously shown that Tube and Pelle interact directly by means of their death domains (40) . Furthermore, MyD88 has been found to coimmunoprecipitate with Pelle in S2 cells (21, 22) . We were therefore interested in the role of binding interactions mediated by death domains in the hierarchy defined by epistasis analysis.
To assay the interaction of MyD88 with either Pelle or Tube, we epitope tagged full-length MyD88, as well as the death domain of Pelle (PelleDD) and a slightly larger Tube death domain peptide (TubeDD*; see Materials and Methods). We also generated an antiserum against Drosophila MyD88. We then carried out immunoprecipitation experiments, using the ␣-MyD88 for the precipitation step and ␣-V5 to detect the tagged peptides (Fig. 3) . In pair-wise experiments, we detected substantial interaction between MyD88 and the Tube death domain. (In addition, a reduction occurred in the abundance of a fast migrating MyD88 species, perhaps reflecting a TubeDDmediated protection from proteolysis). In contrast, only a trace amount of PelleDD coprecipitated with MyD88.
Next, we coexpressed PelleDD, TubeDD, and MyD88 to assay for higher-order complexes. Under such conditions, the amount of MyD88-associated PelleDD was dramatically increased. Indeed, the relative amount of TubeDD and PelleDD coimmunoprecipitated with MyD88 was indistinguishable (Fig. 3) . We conclude that Tube forms a stable complex with MyD88 and is also strictly required for the recruitment of Pelle into a complex with MyD88. (Mutational analysis presented below demonstrates that the association of a minor amount of PelleDD with MyD88 in the absence of TubeDD is mediated by endogenous Tube protein.)
Heterotrimer Formation Involves Two Binding Surfaces on the Tube
Death Domain. We envisioned two alternative models for the role of Tube in complex formation. In one, the interaction of Pelle and Tube is essential for Pelle to join the MyD88 complex. In the alternative model, Pelle can stably associate with MyD88, provided MyD88 is bound by Tube. To discriminate between these two models, we used interaction surface mutations we had generated in characterizing a dimer between the Tube and Pelle death domains.
The crystal structure of the complex formed by the death domains of Tube and Pelle suggested that residue E50 in Tube and R35 in Pelle form a salt bridge that is critical for dimer formation (Fig. 4A) . By using an RNA injection bioassay, we previously demonstrated that mutation of residue 50 in Tube to lysine (E50K mutation) abolished Tube function in Toll signaling (40) . We were therefore surprised to find that the E50K mutation had no discernible effect on the binding of the Tube death domain to MyD88 (Fig. 4B ).
Although Tube E50K had an apparently wild-type interaction with MyD88, this mutation blocked the binding of Tube to Pelle in our coimmunoprecipitation assay (Fig. 4C) . Furthermore, a mutational change in Pelle (Pelle R35E) that is predicted to reconstitute the salt bridge fully restored the Tube-Pelle inter- action (Fig. 4C) , just as these compensatory mutations in Tube and Pelle together allowed signaling in embryos (40) . Thus, at least two types of death domain contacts are in the Toll signaling complex: one between Tube and Pelle that involves Tube E50 and a second between Tube and MyD88 that is E50-independent.
To determine whether binding to Tube is essential for Pelle recruitment into the MyD88 complex, we took further advantage of the compensatory mutations in Tube and Pelle. In cells coexpressing TubeDD and PelleDD, the association of PelleDD with MyD88 was greatly inhibited by either individual mutation, Pelle R35E or Tube E50K, that blocks the Tube-Pelle interaction (Fig. 5A, compare lanes 7-9, as well as lanes 2 and 3) . Remarkably, the simultaneous presence of these compensatory mutations restored the recruitment of PelleDD to the MyD88 complex (Fig. 5A, lanes 7 and 10) . We therefore conclude that Pelle must bind directly to Tube to join the MyD88 complex (Fig. 5B) .
The Heterotrimer of MyD88, Tube, and Pelle Mediates Toll Signaling.
On the basis of our model of the heterotrimeric death domain complex (Fig. 5B) , we predicted that expression of the wild-type death domain of either Tube or Pelle might disrupt formation of an endogenous trimeric complex and thereby interfere with the normal function of the Toll pathway. Moreover, we expected distinct outcomes for expression of mutant forms of the Tube and Pelle death domains. The E50K mutant of TubeDD, although incapable of interacting with Pelle, nevertheless binds to MyD88 and hence might interfere with the formation of the complex of MyD88, Tube, and Pelle. By the same logic, expressing the R35E mutant of Pelle, which cannot stably interact with Tube, and hence the trimeric complex, might not interfere with signaling.
To test these hypotheses, we assayed the effect of expressing Tube and Pelle death domains in the context of an active Toll pathway (Fig. 6) . Wild-type and E50K TubeDD each significantly blocked Toll⌬LRR-induced activation of the Drosomycin reporter, as did wild-type PelleDD. However, the R35E mutant of PelleDD, expressed at the same level as its wild-type counterpart, had no discernible effect on Drosomycin activation. These results thus confirm the predictions of our model for heterotrimer formation and demonstrate that formation of the trimeric MyD88, Tube, and Pelle complex is a critical step in Toll signaling.
Discussion
The death domain was originally identified as a protein module transducing apoptotic signals (41, 42) . It has been found, for example, that death domain mediated interactions between Fas and FADD or between tumor necrosis factor receptor and TRADD provide the basis for assembling the death-inducing signaling complex (36, 37) . The death effector domain and caspase recruitment domain also form homotypic interactions involved in apoptotic signaling and are structurally similar to a death domain. These motifs, together with the death domain, comprise the death domain superfamily (43) .
Our experimental data demonstrate that PelleDD and MyD88 are found in the same complex when each is physically associated with TubeDD (Fig. 5B ). The association of three different death domains has also been implied by studies on the tumor necrosis factor receptor complex, in which TRADD was found to facilitate the recruitment of FADD or RIP to tumor necrosis factor receptor (44, 45) . Here, we have probed the nature of such a complex and have found that MyD88, Pelle, and Tube form a heterotrimer, with the TubeDD interacting with MyD88 and PelleDD by distinct binding surfaces.
Recently, molecular modeling based on available structural data suggested that the homotypic interaction among death domain superfamily modules could be multivalent (43, 46) . Higher-order multimers, such as a heterohexamer, can be modeled by docking the death domains of Fas and FADD together. Furthermore, the structural plasticity obser ved in the PelleDD:TubeDD dimer (40) hypothetically allows it to accept a third death domain into a three-fold symmetric structure (43) . Whether the death domains of MyD88, Tube, and Pelle can form such a structure, as opposed to a linear array (Fig. 5B) , awaits biophysical characterization of this trimeric complex. We note, however, that our assays do not provide evidence for any physical interaction between Pelle and MyD88. In addition, the fact that the PelleDD R35E mutant failed to dominantly interfere with Toll signaling in a functional assay (Fig. 6) argues against the possibility of such a direct contact between Pelle and MyD88.
Because MyD88 binds to Toll through interaction between TIR domains on both proteins (16, 18) , we envision that MyD88 connects both Tube and Pelle to Toll. Toll-initiated aggregation of these signaling molecules could trigger Pelle activation. Such a model is consistent with epistasis analyses presented here and elsewhere indicating a linear order of action for Toll, MyD88, Tube, and Pelle in primary signaling (22, 30, 34, 35) . Furthermore, because Dorsal binds directly to Pelle, Tube, and Cactus (7, 8, 47) , it is conceivable that the entire signaling cassette exists, at least transiently, in a single complex (Fig. 5B) . As suggested by both biochemical and biological assays (48, 49) , Pellecatalyzed phosphorylation may then lead to both Dorsal nuclear transport and complex dissociation.
In mammalian signaling pathways initiated by either Toll-like receptors or IL-1 receptors, MyD88 associates with IRAK (16) (17) (18) . Because our study shows that a third death domain is required to mediate the interaction between MyD88 and Pelle in Drosophila, does a parallel exist in mammals? Although no known Tube orthologue exists in mammals, multiple IRAKs are present. We speculate, therefore, that two or more IRAKs may participate in one protein complex, with the death domain of one IRAK bridging the interaction of another with MyD88. In this way, a particular IRAK isoform might act together with MyD88 to regulate the activity of a second IRAK through the oligomerization of death domains, resulting in isoform-specific biological functions (14, 15) .
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